INTRODUCTION
During the elongation of prokaryotic protein biosynthesis the elongation factor Tu (EF-Tu) GTP complex forms a stable ternary complex with aminoacyl-tRNA. The function of the elongation factor in this ternary complex is to transport the codonspecified aminoacyl-tRNAs to the ribosome [1] and to participate in the decoding and proofreading steps of the elongation cycle of protein biosynthesis [2] .
TPCK (N-tosyl-L-phenylalanyl chloromethane) was found to be an irreversible inhibitor of this ternary complex formation. This reagent reacts with the SH group of cysteine 81 in the aminoacyl-tRNA binding site of E.coli EF-Tu [3] , thus competing with the 3'terminus of aminoacyl-tRNAs for their binding site [4] . In the present communication we have used a fluorescence assay [5] to measure the differences in the affinities of native and TPCK-treated EF-Tu. Under mild conditions, trypsin cleaves E.coli EF-Tu preferably at arginines 44 and 58 and at lysine 56. The hydrolysis of all three peptide bonds yields the main fragments A (amino acid residues 59-393) and D (amino acid residues 1 -44) and the minor fragments E (amino acid residues 45 -56) and F (amino acid residues 57-58). The elongation factor, however, maintains its ability to bind GDP, GTP and EFTs [6] . The fragments A and D are tightly associated with each other and can be separated only under denaturating conditions [7] . Crystals of trypsin-cleaved EF-Tu contain only these two fragments. The small polypeptides E and F are lacking in the crystal form of EF-Tu • GDP [8] since they dissociate easily from the larger, associated fragments. There is no doubt about the ability of this such cleaved elongation factor to bind GDP or GTP, but contradicting results have been obtained concerning its affinity to aminoacyl-tRNA and its activity in in vitro polyphenylalanine synthesis [6, 9] . Our data confirm the results of the 'hydrolysis protection assay' [10] , demonstrating only a slightly reduced affinity of the trypsin-modified EF-Tu to aminoacyl-tRNA.
The two mutants of elongation factor Tu, in which Ala 375 is replaced by Val or Thr (EF-TUAR) or Gly 222 by Asp (EFTuB o ), were isolated from kirromycin resistant strains of Escherichia coli [11, 12] . Both mutant forms are active in protein biosyntesis in the absence and in the presence of the antibiotic. This is due to the strongly reduced affinity of EF-TuA R for kirromycin and the inability of EF-TuB o to block the ribosome after binding to the antibiotic and aminoacyl-tRNA. As a consequence, a strain harbouring both EF-TUAR and EF-TUBQ is resistant to kirromycin [13] . We were able to demonstrate that in the absence of kirromycin the replacement of either Ala 375 by Val or Thr or of Gly 222 by Asp in EF-Tu results in dissociation constants of the respective ternary complex which are only one order of magnitude greater than the native dissociation constant. (11.4, 11.7, 57 and 50 Ci/mol, respectively) were from Amersham Buchler (Braunschweig, FRG). BDCellulose and Sepharose 6B were products of Pharmacia (Uppsala, Sweden). Centricon tubes were from Amicon (Witten, FRG). E.coli EF-Tu GDP was isolated as described [14] and had a specific acitivity of 22 kU/mg. EF-TuA R and EF-TuB 0 , the kirromycin resistant mutants of EF-Tu, were a gift of Dr. L. Bosch (Leiden, Netherlands). tRNA
MATERIALS AND METHODS

Analytical
Phe from E.coli (acceptance activity 1.5 nmol phenylalanine/A 2 6o unit tRNA) was obtained from unfractionated tRNA by chromatographic fractionation on benzoylated DEAE-Cellulose and Sepharose 6B [15] . The corresponding phenylalanyl-tRNA synthetase with a specific activity of 1.5 kU/mg was purified according to [16] . [AEDANS-s 2 C]Tyr-tRNA T y r was prepared as described [5] and had an amino acid acceptance of 1.07 nmol tyrosine/A 2 6o unit tRNA. [ 17] . For preparative purposes 2 mg EF-Tu • GDP in the above buffer was incubated with 0.05 mg trypsin in a volume of 2 ml for 5 min at 4°C. The cleavage was terminated by the addition of 0.1 mg soyabean trypsin inhibitor and the reaction mixture was subsequently filtered in Centricon tubes (pore size 30,000 dalton) to remove the small E and F fragments.
Modification of EF-
Conversion of EF-Tu GDP to EF-Tu GTP
TPCK-treated EF-Tu, trypsin-modified EF-Tu and the EF-Tu mutants were converted to their GTP forms in a reaction mixture containing 0.01 mM EF-Tu in 75 mM Tris/HCl pH 7.5, 50 mM KC1, 50 mM NH4CI, 10 mM MgCl 2 , 1 mM GTP, 3 mM PEP and 5 U pyruvat kinase [18] . An incubation at 37°C for 20 min was sufficient to convert more than 90% of the bound GDP to GTP as shown by HPLC [5] .
Fluorescence measurements and titration procedures
All fluorescene measurements were performed with an Aminco SPF-500 spectrofluorometer (Travenol Laboratories, Silver Spring, USA). The samples were excited at 335 nm (band-pass 5 nm) and the emission intensity at 485 nm (band-pass 10 nm) was recorded without further correction.
Titrations were performed by stepwise addition of the different EF-Tu GTP stock solutions to [AEDANS-s 
and non-linear least square analysis according to Gauss-Newton (for details see [5] Ribonuclease resistance assay The ribonuclease resistance assay according to [9] was used to determine the resistance of [ 
RESULTS
Treatment of EF-Tu with TPCK
EF-Tu • GDP was incubated in the presence and absence of a fivefold molar exess of TPCK to yield an equimolar covalent modification of the protein at Cys 81 [3] . The activity of the modified protein in ternary complex formation was analysed after conversion from the EF-Tu GDP to the EF-Tu-GTP form. As shown in Fig. 1 , the TPCK-labelled EF-Tu • GTP loses its ability to interact with [AEDANS-s , showed no affinity for the tRNA. This reduced level of ternary complex formation indicates a dissociation constant for the TPCK-modified EF-Tu • GTP • aminoacyl-tRNA which is at least 3 orders of magnitude higher than that of the respective ternary complex formed with native EF-Tu-GTP ( Table 1) .
Modification of EF-Tu GDP by trypsin
Limited hydrolysis of EF-Tu • GDP by trypsin [9] and subsequent filtration of the cleaved protein yields an elongation factor composed only of the two main fragments, A and D (Fig.2) . Fragment D (6500 dalton) is tightly associated with fragment A (36 000 dalton) and therefore cannot pass the membrane of the ultrafiltration tube. Fig. 2 shows that the ratio of both fragments does not change after ultrafiltration. . Titration of the fluorescence-labelled [AEDANS-s 2 
C]TyrtRNA
TyT with the trypsin-cleaved EF-Tu-GTP (Fig.3 ) revealed surprisingly that the modified elongation factor is still able to form a ternary complex, even in a concentration range of 10 nM. The equilibrium dissociation constant for this interaction, as calculated from the data of Fig.3 , is 5.4X 10~9M (Table 1) . In a competition assay, we titrated [AEDNAS-s Phe from E.coli with the modified EF-Tu-GTP. This yields an equilibrium dissociation constant of 5.9 X 10~9 M for the ternary complex of the PhetRNA 11116 and the protein. Our results contradict those of Masuda et al. [9] , who determined a dissociation constant of 2.1 x 10~5 M for the same interaction.
To ensure, that our group was working with the same modified elongation factor as Masuda et al. [9] , the following experiments were performed. First EF-Tu-GDP was cleaved with a smaller amount of trypsin in order to follow the progress of the digestion. The time dependent conversion of EF-Tu into the fragments A and D is shown in Fig.4 . According to [6] , the intermediate fragment D" (amino acid residues 1-58) is converted to the smaller fragment D within ten minutes. Under the given conditions, the cleavage of EF-Tu into the fragments A and D was complete after 30 min and the fragmentation pattern corresponds exactly with that of the elongation factor used in the fluorescence assay (Fig.4) .
Second, the ribonuclease resistance assay described in [9] was used to detect the interaction of the trypsin-treated EF-Tu • GTP with Phe-tRNA phe from E.coli. Fig.5 shows that Phe-tRNA Phe is effectively protected against ribonuclease in the presence of native EF-Tu-GTP, but not in the presence of the trypsinmodified EF-Tu • GTP, even at a ten fold greater concentration of both molecules. 
Mutants of EF-Tu
Neither the replacement of Ala 375 with Thr or Val nor the mutation of Gly 222 to Asp has an influence on the GDP/GTP binding activity of EF-Tu [13] . Therefore, the protein bound nucleotide of both EF-TuA R and EF-TuB 0 could be converted , the dissociation constants of the respecitve ternary complexes were calculated ( Table 1 ). The affinity of EFTuB o GTP for the aminoacyl-tRNA is only slightly lower than that of EF-TuA R GTP, but both dissociation constants are one order of magnitude higher than the corresponding dissociation constant with wild type EF-Tu GTP.
The mutated elongation factors also cause an increase in the fluorescence emission intensity of the AEDANS reporter group (at 485 nm) from a factor of 2.3 in the case of wild type EFTu GTP to 2.5 and 2.6 in case of EF-TuA R GTP and EFTuB 0 GTP. This effect may be due to an influence of the interaction with the aminoacyl-tRNA. This effect is probably transmitted via a structural change, since the amino acid residues 222 and 375 are not believed to interact with the CCA-end of the aminoacyl-tRNA. from the diphosphate to the triphosphate form with the GTP regenerating system according to [18] . From the data in Fig.6 , which shows the interaction of both mutants with [AEDANS-
DISCUSSION
The present work contributes to the understanding of EF-Tu • GTP aminoacyl-tRNA interaction. Residues Gly 83, Cys 81 and His 66 of the G-domain of EF-Tu were suspected to be near the aminoacyl-tRNA binding site [19, 3, 20] . Cysteine 81 is the specific target of a modification with an aminoacyl-analogue, TPCK, which probably mimics the 3'end of an aminoacyl-tRNA. In agreement with this interpretation, TPCK-modified EF-Tu, although unchanged with respect to its nucleotide binding properties, is unable to bind aminoacyl-tRNA. In this work we provide quantitative evidence for this suggestion by demonstrating a 10 3 fold lower affinity of TPCK-modified EF-Tu GTP over native EF-Tu GTP.
Recently we have demonstrated a structural homology between the so called effector loop in the GTP binding protein p21, a product of a human ras oncogene [21] , and the elongation factor Tu from Thermus thermophilus [22] . The effector region of E. coli EF-Tu should by analogy be confined to residues 45-66. This region typically shows a hypersensitivty towards cleavage with trypsin at arginine 58. This feature is strictly conserved in all homologous elongation factors whose sequences have been determined to date [23] . This primary cleavage site allows for the specific excission of 14 amino acid residues (45-58) from the effector region. Aminoacyl-tRNA, together with the ribosome can be considered as an co-effector for EF-Tu • GTP. The question therefore arises whether or not E.coli EF-Tu missing these residues of the theoretical effector region is still able to form a ternary complex with aminoacyl-tRNA. In apparent variant to the work of Masuda et al. [9] we did not observe a strong inhibition of the ternary complex formation using a trypsinmodified EF-Tu and a fluorescence titration assay with an aminoacyl-tRNA fluorescently labelled at cytidine 75. The reinvestigation of the modified protein with the nuclease protection assay, however, fully confirmed the report of Masuda et al. Apparently, the lack of residues 45-58 from EF-Tu does not actually prevent efficient ternary complex formation, but does allow unhindered access of RNase A to the phosphodiester bond between C-75 and aminoacyl-A-76 of the tRNA. This is the reason why the ternary complex formation cannot be demonstrated by nuclease protection assay whereas the fluorescence titration assay shows the existence of the complex. These observations offer evidence for the location of residues 45-58 near the 3'-end of aminoacyl-tRNA within the ternary complex. The tRNA binding site of EF-Tu is therefore located somewhere between amino acid residues 59-83 and is modulated by the structure of the effector loop (amino acid residues 45 -58) and the phosphoryl-binding loop (amino acid residues 80-84) in the G-domain. The observations that methylation of Lysine 56 mediates the aminoacyl-tRNA induced GTPase activity of EFTu without affecting the binding of the aminoacyl-tRNA to EFTu • GTP [24] and the ability of the trypsin-modified protein to stimulate poly(U) directed polyphenalalanine synthesis [6, 25] are in support of the above model.
For the practical aspect of our investigations, the limited analytical value of different assays for aminoacyl-tRNA • EFTu • GTP ternary complexes must be considered. Jonak and Karas [26] have pointed out a discrepancy between the results obtained by the hydrolysis protection assay and by the ribonuclease resistance assay.
Conclusions about the role of mutations at residues 375 and 222 of EF-Tu in the process of tRNA recognition cannot be drawn based on our present work. The observed minor effects could be a result of a long-range transmission of the structural perturbation from the mutational locus to the tRNA binding site of the protein.
